Color centers are versatile systems that generate quantum light, sense magnetic fields and produce spin-photon entanglement. We review how these properties have pushed the limits of fundamental knowledge in a variety of scientific disciplines, from rejecting local-realistic theories to sensing superconducting phase transitions. In the light of recent progress in material processing and device fabrication, we identify new opportunities for interdisciplinary fundamental discoveries in physics and geochemistry.
I. INTRODUCTION
At the turn of the century, the negatively charged nitrogen-vacancy (NV − ) center in diamond attracted great attention as a versatile system for quantum and nanoscale science and technology. Although the electronic properties and optical spectra of these point-defect ensembles have been well studied, breakthroughs in terms of control of solid-state spins were achieved only recently. The technology has advanced to the point that magnetic resonance can be performed at the level of an individual color center, and via optical detection. From this work, the NV − center emerged as the most precise nanoscale magnetometer and this device is now making an impact on a variety of disciplines, from high-pressure superconductivity to electron-phonon processes in 2D materials. Joint advances in substrate processing and dynamical-decoupling techniques enabled a giant leap in NV − center spin-coherence time, now approaching a second [1] . These long coherence properties enable new tests of quantum mechanics, including the first demonstration of loophole-free Bell inequality violation [2] .
In the 2010s, researchers began looking into alternative color center systems and silicon carbide (SiC) emerged as a suitable wide-band-gap vacancy center host because of its intrinsically favorable coherence properties, high optical stability and ensemble emission homogeneity. Subsequently, the centro-symmetric class of diamond defects that incorporate group-IV atoms (silicon-vacancy SiV − , germanium-vacancy GeV − , tin-vacancy SnV − , lead-vacancy PbV − ) was characterized to have narrowband optical emission and attractive coherence properties when cooled to low enough temperatures. All these color centers introduced new combinations of operational wavelengths, spin and orbital complexes, and have enabled new scientific explorations.
This article focuses on the impact that color centers have made on fundamental research across disciplines. First, we review the point-defect systems and associated techniques, then we survey the color center-enabled breakthroughs in a variety of fields, from skyrmions to Malaria studies, and, finally, we discuss opportunities for promising interdisciplinary discovery in areas of physics and geochemistry. The paper is intended to complement the insightful reviews on color-center applications to quantum information technologies [3, 4] and photonic integration [5, 6] .
II. COLOR CENTERS
Color centers are light emitting defects in the lattice of semiconductors. The defects are formed by vacancies, misplaced atoms, foreign species atoms, or atom-vacancy complexes. represented with their symmetry groups, crystal defect illustrations, emission wavelength on the spectrum and the longest measured coherence times [7] [8] [9] [10] [11] [12] [13] .
A color center localizes electronic orbitals and behaves as a quasi-atom in a solid-state platform capable of emitting single-photons. Its symmetry and electron spin magnitude define a rich scheme of energy levels which can be coupled via dipolar (optical and microwave) and phonon interactions, and tuned via magnetic field, temperature, electric field and mechanical strain, as illustrated in Fig. 1 and detailed in Fig. 2 for the NV − center in diamond. In this case, the ground state is a spin triplet S = 1, and dipole-dipole interactions between the electron spins lifts the degeneracy between the |S z = 0 and |S z = ±1 states, giving rise to a zero field splitting. This degeneracy can be lifted further with magnetic field, and spectra can be obtained by measuring the optical emission intensity as a function of microwave frequencies (optically-detected magnetic resonance -ODMR). Strain, electric field, and temperature also strongly affect the energy levels, which lead to the enormous versatility of the NV − center as a sensor.
FIG. 2. Energy levels of an NV − center within the bandgap of the host diamond lattice. From left to right: the metastable singlet ground and excited state, the ground and excited triplet states, the splitting of the |0 and ±|1 states as a function of magnetic field (oriented parallel to the NV − axis) anisotropic in-plane strain [14] , and versus temperature [15] . The temperature dependence has been magnified by a factor of 100 for clarity.
III. TOOLS
A significant amount of effort has been put into developing the promising characteristics of color centers into usable tools for research. This section focuses on the developed tools based on NV − centers, expanded by a discussion on the current state of the art for other color centers. Particular emphasis is given to the sensitivity and versatility of the described systems.
A. Quantum light emission and spin-photon entanglement
Interest in quantum light emission, detection, and manipulation is seen in many disciplines, from fundamental explorations of quantum mechanics to applications in quantum technologies. In color centers, the emission of single photons comes from the finite time it takes for a two-state system to become excited and then decay back into the initial state, a process illustrated in Fig. 2 for diamond NV − . This method of generating single photons is present and accessible at room temperature which makes color centers an attractive candidate for quantum communication. Single photon emission, as demonstrated by photon anti-bunching measurements, has been successfully established in diamond's NV − centers [16] , SiV − centers [17] , GeV − centers [18] , SnV − centers [19] , PbV − centers [20] chromium defects [21] , as well as in silicon carbide's divacancies [22] , silicon vacancies [23] , carbon antisite-vacancy pairs [24] , vanadium centers [25] and nitrogen-vacancy centers [13] . Moreover, indistinguishable photons were characterized in diamond SiV − emission [26] , furthering the application space to the entanglement distribution schemes.
In addition to single-photon generation, some color centers also enable spin-photon entanglement generation. Spin-photon entangled states between the electron spin (↑, ↓) and the photon polarization (σ ± ) give rise to the wavefunction:
allowing for long-range entanglement distribution that can be used, for example, for Bell tests [27, 28] .
B. DC magnetometry
The NV − centers have attracted broad interest as magnetic field sensors. Opticallydetected magnetic resonance (ODMR) measures the fluorescence intensity of either a single center or an ensemble in the presence of microwaves that couple to the S = 1 states (see Fig. 2 ). The most straightforward approach combines continuous-wave microwaves with fluorescence intensity measurements as a function of microwave frequency. If the frequency matches the zero-field splitting (ZFS) between the S z = 0 ground state and the S z = ±1 excited spin states, the fluorescence intensity will be suppressed [29] . In the presence of a DC field, the S z = ±1 levels split, and multiple resonances appear. Furthermore, the energy level structure depends critically on the angle between magnetic field, and the NV − axis.
Because there are four equivalent orientations of the NV − axis in the diamond structure, a spectrum in a magnetic field exhibits multiple resonances. The sensitivity of CW-ODMR has been shown to be ∼ 10 nT/ √ Hz at room temperature [30] , however, this approach suffers from power broadening.
Pulsed magnetic resonance offers an improved approach, and utilizes both laser and microwave pulses [31] . Laser pulses polarize the NV − spins to the S z = 0 state, and short microwave pulses manipulate the spin direction. A Ramsey pulse sequence ( Fig. 3) is particularly sensitive to DC fields, but is limited by the field inhomogeneity through the dephasing time, T * 2 , and requires sufficiently rapid Rabi oscillations that may not be viable for all samples [32] . Dephasing can be improved through double quantum coherence (using δm s = 2 transitions instead of δm s = 1) [33, 34] , to decouple the NV − from spin noise in the diamond lattice [33, 35] . With state of the art readout techniques including near-infrared absorption [30] , efficient spin-to-charge conversion [36] have led to measured DC magnetic field sensitivities as low as 15 pT/ √ Hz [37, 38] .
The combination of high sensitivity and the wide range of temperatures over which NV − spectroscopy is effective makes color center electric field sensing a significant competitor in nanoscale electric field sensing technologies. The symmetry of the 3 A 2 ground state of the NV − center gives rise to a linear Stark effect [39, 40] , which has been exploited to demonstrate ultra-sensitive electric field sensing under a wide range of conditions [41] [42] [43] [44] .
Because the Zeeman effect is stronger than the Stark effect in the ground state, sensitive electric field measurements are made easier by a calibrated setup that aligns a magnetic field in order to decouple the electric and magnetic field sensing capabilities of the NV − [41] . Under ambient conditions a single NV − can sense the change of a nearby defect from the neutral NV 0 state to the negatively charged NV − , a change of only one electron [42] .
Additionally, with the use of a static bias voltage in place of the static magnetic field, NV − center ensembles have achieved an electric field sensitivity of 10 −6 V/µm [43, 44] . Using dynamical decoupling, NV − ensembles have shown sensitivity to AC electric fields down 10 −7 V/µm, which is similar to other solid-state electrometers at room temperature (see section 3.6.1).
D. Thermometry
Color center based thermometry enables high sensitivity temperature probes with submicrometer spatial resolution. This capability, in turn, has the potential to explore a broad range of phenomena, including processes at the subcellular scale in biota, molecular interactions, and micro-circuitry. The zero-field splitting (see Fig. 2 ) depends sensitively on temperature and is governed by local crystal lattice strains [15] . In diamond, both NV − centers and, more recently, germanium-vacancy color centers, have proven to have good thermal sensitivity [45, 46] . One of the major roadblocks to color center thermometry is that stray magnetic or strain fields can be mistaken for thermal effects when observing spectroscopic shifts of the triplet state. This misidentification will become even more important as more complex systems are probed. These challenges can be partially overcome by the application of a strong axial magnetic field [46] , coherent microwave pulsed control of spin-echo states [47] , and the use of isotopically pure 12 C diamond. The use of isotopically pure diamond reduces the interaction with the magnetic field fluctuation that arises from the 13 C nuclear spin bath. The use of NV − center thermometry is also limited by the high RF fields necessary to probe the NV − state, limiting sensitivity to ∼10 mK/ √ Hz [46] [47] [48] . Despite these limitations, NV − thermometry has already been able to image sub-cellular length scales in human fibroblast using a combination of NV − enriched nanodiamonds and gold nanoparticles [49] , and to image spatial variations of thermal conductivity at the nanoscale [50] .
Similar temperature-dependent zero-field splittings are also present for other color centers, such as the S = 3/2 silicon vacancy in silicon carbide [51, 52] .
E. AC magnetometry and NMR
Color centers are poised to revolutionize the fields of both nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging (MRI). These tools have become indispensable tools in diverse fields of research, including analytical chemistry, structural biology and physics. However, a major deficiency of conventional NMR is the low sensitivity of coil-based induction, which precludes NMR studies for samples with volumes below the microliter scale [53] . Field sensing by color centers offers an alternative method for NMR detection at the nanoliter scale. The static field of a nucleus can create a dipolar field at the NV − center, but typically this field is on the order of pT to nT, which is too small to resolve spectrally. However, time-dependent AC detection is possible, in a manner similar to lock-in detection. Not only can NV − centers in diamond serve as single atom sensors at the nanometer length scale [54] , but they can detect the weak magnetic field fluctuations induced by an ensemble of statistically polarized nuclear spins in a nearby sample [55] . These properties have led to several recent developments of AC magnetometry using NV − sensors [56] . Adaption of the NV − technology to solution NMR is already underway. The S=1/2 nuclei, such as 1 H, 19 F and 31 P, have been detected from solutions that are on the diamond surface near the NV − centers.
Dynamical decoupling
The strong coupling between an NV − sensor and the local magnetic field is advantageous for detecting static magnetic fields, but is also a hindrance in the presence of noisy environments, such as the magnetic fields created by background 13 C nuclear spins in the diamond lattice. Random fluctuations of the local field, which can be on the order of a few mG, can quickly dephase the coherent precession of an NV − spin. To remove the effect of the background noise, dynamical decoupling (DD) pulse sequences are often employed to continually refocus the precessing NV − spins (for example to form a Hahn echo) ( Fig. 3 [57] ). This approach removes magnetic inhomogeneity and extends coherence lifetimes.
However, DD sequences can be designed with specific pulse timing so that an NV − center can be especially sensitive to fields at specific frequencies that can be tailored to match the frequency of precession of nearby nuclei [58] [59] [60] . By measuring the NV − response as a function of the DD filtering frequency, one can measure the NMR spectrum and identify the presence of multiple nuclear species. This approach has been demonstrated to detect nuclear spins located outside of the diamond lattice, where the field amplitude that can be detected is of order 10nT-rms [55, [61] [62] [63] [64] [65] [66] . Single NV − centers offer the promise of combining AC sensing with high spatial resolution, especially because cantilevers with NV − centers within the tip are now commercially available [67] [68] [69] . However, ensembles of NV − centers may result in a more subtle field sensitivity when more advanced data acquisition techniques have been utilized [70] . Recent work has focused on creating more sophisticated DD sequences that can suppress both disorder and interaction effects between NV − centers [71] . Another important advance has been magnetic resonance imaging by NV − centers at the nanoscale by combining DD sequences with pulsed field gradients [72] .
Coherent averaging
Although pioneering experiments utilized the filter function of a DD sequence to map out the NMR spectra of different nuclear spin species on the surface of a diamond, the signal must be measured repeatedly at multiple frequencies and the spectral resolution is limited.
A major advance has been the advent of coherent averaging of a continuously precessing nuclear spin field with multiple NV − detection sequences over the lifetime of the precessing nuclei, resulting in a dramatic enhancement of the NMR spectral resolution to below 1 mHz [53, 73] . Since the T 2 of the nuclear magnetization is generally much longer than the time scale to measure the NV − centers with a DD sequence, one can then re-initialize the NVs optically and repeat the measurement multiple times while the nuclear magnetization continues to precess (see Fig. 4 ). The resulting NV − magnetization will be heterodyned with the DD frequency. This quantum heterodyne approach has has been utilized to measure high resolution 1D NMR spectra of different molecules in solution at picoliter volume scales with sub-mHz resolution [53, [73] [74] [75] , and more recently multidimensional heteronuclear double resonance of organic molecules [76] . At present the highest reported frequency resolution is ∼ 400 µHz [73] and the highest field sensitivity is around ∼ 30 pT/ √ Hz [53] . This is a transformative technology because it enables the determination of J couplings in low fields on sub-nanoliter volume samples. Furthermore, the number of spins this method is capale of detecting is much smaller than the 10 20 needed for conventional liquid NMR and solution volumes are sufficiently small that chemical shift resolution is sometimes limited by solute diffusion, not pulsing.
Hyperpolarization
A major challenge to AC magnetometry for NMR detection is achieving a sufficiently large nuclear magnetization. Both single and ensemble NV − centers have similar field and frequency sensitivity, thus as long as an NV − ensemble is implanted in a shallow layer close to thermally polarized nuclei, nanoscale NMR is accessible [67] . However, since ODMR is generally conducted at fields much lower than 1 T, the thermal polarization of the nuclei can lie below 10 −8 at room temperature so that the nuclear magnetization is quite small.
On the other hand, the polarization of the NV − spins can reach unity (hyperpolarization) by optical pumping. An exciting possibility is to transfer some of the NV − polarization to the nuclear spins via cross-polarization using electron-nuclear double resonance techniques.
To date, this technique can be utilized to create large hyperpolarizations of the 13 C spins in the diamond lattice [60, 77, 78] . However, efforts to transfer this nuclear polarization outside the diamond lattice have proved to be challenging. An exciting alternative method of hyperpolarization that has been reported is via transfer of polarization from electrons on nitrogen radicals in solution to adjacent nuclear species [79] . The signal enhancement is typically two to four orders of magnitude.
F. Fluorescent labelling
Because nanodiamonds (ND) are bio-compatible [80] [81] [82] and have low cellular toxicity [83, 84] , ND with NV − color centers has shown promise in biological applications, specifically in long term monitoring because of the photostability of the emission from the color center [84, 85] . Since, the NV − centers are inside the crystal lattice, the fluorescent properties of NV − centers are not influenced by surface modification of ND and the pH of the surrounding media [86] . The long fluorescence times of ND (20 ns) compared to that of cell and tissue autofluorescence (3 ns) can result in improved intracellular contrast [86] . Stimulated Emission Depletion (STED) microscopy was employed for superresolution cellular imaging using fluorescent ND [87] . The image resolution was also developed using techniques like two-photon microscopy [88] . In the presence of strong background autofluorescence (arising from endogenous molecules), microwaves that are resonant with the crystal field splitting of ground state spin were applied and images with and without microwaves were subtracted to remove the autofluorescence (which does not change under the influence of microwave radiation) [89] . These techniques highlight the versatility of the NV − rich nanodiamonds for future use in fluorescent tracking of tissues, individual cells and even intracellular processes.
Silicon carbide is bio-compatible [90, 91] and is known for its chemical inertness. Fluorescent 4H-SiC nanoparticles having excellent colloidal stability can be prepared using laser ablation [92] . Thus there is a potential to extend the applications of SiC nano-particles for bio-imaging applications.
IV. FUNDAMENTAL FINDINGS
From the quantum world of single photons to probing the biological matter, color centers provide robust systems for exploring fundamental scientific questions. In this section, we will highlight some experiments that have resulted in advances of basic scientific knowledge as shown in Fig. 5 . communicate with each other before measurement, and fast random selection of measurement basis followed by the high-efficiency readout [2] . The limitations of the Bell Test setup described in Ref [2] notably include the rate of entangled photon production, a limitation that could be addressed in a number of ways discussed in this paper. Careful photonic engineering could increase the number of identically produced photons, which would increase the number of potential entanglement events per second. Another method of addressing this limitation is the use of a different color center that has a higher percentage of photons emitted into the zero-phonon line (ZPL) to increase the production rate of entangled photon pairs. Further explorations into extending the range of the light propagation has been performed by downcoverting emitted photons to telecommunication wavelengths [93] .
B. Probing magnetic properties of materials
The sensitivity of color centers in both spatial and magnetic field regimes detailed above have led to a number of discoveries in thin film magnetism. Many interesting antiferromagnetic (AFM) systems are insulators, thus spin-polarized scanning tunneling microscopy (STM), the standard measurement system for nanoscale spatially-resolved low magnetic fields, can not be utilized. The NV − scanning offers a new approach of investigating complex AFM ordering. Researchers imaged nanoscale magnetic ordering in thin film BiFeO 3 , a multiferroic material, using scanning NV − magnetometry, and contradicted previous conjecture by demonstrating the presence of the spin cycloid in thin films [96] .
The relative non-interacting nature of color center probes was used in concert with magnetic force microscopy and simulations to investigate the movements of domain wall structures in the helimagnet FeGe. The scanning NV − system used in this result was of particular impact because the researchers were able to demonstrate that the domain wall motion was a product of the material itself, and not due to effects from the probe, a statement they would have been unable to make with conventional magnetic force microscopy or STM [97] .
The advent of room temperature stable skrymionic materials has led to a need for room temperature nanoscopic imaging, which is difficult to do with most conventional methods.
Researchers explored magnetostatic twists in room-temperature skyrmions via nitrogenvacancy center spin texture reconstruction. They found a Neel-Type skyrmion in Pt/Co/Ta that is not left-handed, contrary to other Dzyaloshinskii Moriya interation-based reports in similar materials. A consequence of these new results is proposed tube-like skyrmion structures for which the chirality varies according to film thickness [98] . when cooled in a static magnetic field around T c [99] . As color center magnetometry works over large magnetic field ranges, single NV − centers have been used to explore superconductor create real-space maps of vortices [100] and to observe vortex pinning of individual vortices both using wide field imaging [101] and scanning methods [102] . In a notable case, pinning measurements of Pearl vortices diverged from the commonly used monopole approximation of such objects [102] .
The high spatial resolution of NV − center measurements makes these probes excellent candidates for exploring local electrical properties in 2D materials. Of particular interest are the non-equilibrium dynamics in gated devices that provide insight into the fundamental properties of 2D materials like graphene. Probing graphene properties via NV − centers has particularly piqued the interest of many researchers who have measured current flow near defects [103] . Spatially-resolved, room temperature NV-magnetometry has been used to measure viscous Dirac fluid flow in graphene, which supports the theory that graphene acts as a Dirac fluid even under ambient conditions [104] . Recently, evidence for the electron-phonon Cerenkov instability was found in graphene by measuring noise through spatially-resolved spin-relaxation rate [105] . Finally, as researchers have started to design more complex systems (e.g. graphene field effect transistors), potentially interfering interactions between patterned graphene nanoribbons and the diamond substrate due to the applied gate voltage have been characterized. These interactions are currently being investigated and several solutions have been proposed to minimize their effects [106] .
D. Biological applications
In the biological sciences, researchers have been using the bio-inert properties of diamonds and the high sensitivity of color centers to make great strides in a wide range of fields.
Hemozoin crystals are biomarkers for malaria that exhibit paramagnetic properties. Spatially resolved magnetic characterization of these crystals is of particular interest because several antimalarial drugs target hemozoin crystal formation. The sensitivity of NV − center ODMR allowed the researchers to measure magnetic properties of individual nanocrystals.
Superparamagnetism was found in a small, but significant sample of both natural and synthetic hemozoin crystals [95] .
In vivo measurements are already being advanced by color center sensing, with extreme demonstrations of sensitivity like of sub-cellular thermometry in human cells [49] and the measurement of neuonal action potentials in an alive worm [38] . As an example, fluorescent nanodiamonds (FNDs) are easily taken up by cells, but rarely expelled. FNDs have been used to label and track in vivo lung stem cells from transplantation to engraftment in mice in both healthy and damaged lungs over a week. This tracking enabled the quantitative analysis of where transplanted stem cells engraft in damaged lungs [107] .
V. FUTURE FUNDAMENTAL EXPLORATIONS
Development of color center systems enable tests of new fundamental questions across disciplines. In this section, we will present the state-of-the art in color center platform development, and follow with ideas for their utilization for the novel fundamental discovery.
A. Material processing and photonic device integration
The advances in photonics and material processing are making leaps in color center performance, including the defect generation precision, coherence time, and spin state readout fidelity.
Isotopic purification
The naturally existing isotopic elements that possess nuclear spin ( 13 C, 29 Si, 30 Si) interact with the color center electronic spin, thus having a direct impact on its coherence.
The coherence time can be improved by isotopic purification i.e., using isotopes that have zero nuclear spin during the material growth. For example, isotopically purified diamond was grown using isotopically enriched CH 4 in plasma-enhanced chemical vapor deposition (PECVD) [108] and microwave plasma chemical vapor deposition (MPCVD) [109] techniques. In the case of 4H-SiC, isotopically purified material was grown by sublimating a 28 Si enriched polycrystalline SiC [110, 111] , while for 3C-SiC, the molecular beam epitaxy and mass separation of ions was employed to grow isotopically purified 3C-SiC on Si substrate [112, 113] .
Generation of color centers
Color centers are defects in the lattice of a crystalline material that exist naturally in an as-grown material or can be doped in situ during the growth of the material or can be implanted into the lattice. To implant the defects, projectiles (electrons, protons, neutrons, ions) with sufficient energy irradiate material surface and their interaction with the lattice generate defects in the material. The implantation is followed by annealing in vacuum or inert atmosphere to heal the damaged material and activate the implants. Since the ions and vacancies in the lattice diffuse at annealing temperatures, the temperature is optimized to control the generation of color centers. In case of SiC annealing, a graphite cap layer is sometimes used to prevent Si evaporation from the material during the anneal.
Lattice strain affects optical properties of color centers. To circumvent strain issues, novel methods of material growth have been developed. Examples include the introduction of Si atoms during MPCVD growth of diamond [114] for SiV − generation, shallow ion Sn implantation and diamond overgrowth [115] for SnV − generation, vanadium impurity incorporation during the epitaxial growth of 4H-SiC using vanadium tetrachloride [116] .
A good spatial positioning of the color centers is important for better integration with photonic structures, but the implantation and irradiation methods lack such a control. To improve lateral positioning, lithographically patterned resist has been used to implant SiC with NV − centers [117] and silicon vacancies [118] at defined positions. Focused ion beam (FIB) has also been employed to implant silicon vacancies in diamond nanostructures [119] and 4H-SiC with tens of nanometers of position accuracy [120] . Yields of the defect generation were improved using femtosecond laser writing to create silicon vacancy centers in 4H-SiC (up to 30%) [121] and NV − in diamond (near-unity yield) [122, 123] .
Emerging color centers
The developing material processing approaches, as well as theoretical predictions, have enabled a new generation of color centers to be characterized. These emerging quantum emitters expand the diversity of spin complexes and emission wavelengths in the field, as shown in Table I 
Passive photonic devices
Integration of a color center into a photonic device couples its emission with a designed electromagnetic mode. Depending on the light-matter interaction intensity, the devices can be divided into passive and active, as showcased in Figure 6 . Passive photonic devices are used for improving the light coupling efficiency. Often the desired coupling is into an objective lens or a fiber, where the number of collected photons defines the bandwidth of the quantum channel or the sensitivity of the optical spin readout.
Light generated by color centers in high refractive index bulk experiences refraction at the substrate-air interface, thus limiting the light collection into an objective lens. Photonic devices such as solid immersion lenses (SILs) [23, 129, 130] and, the more scalable, nanopillars [131] [132] [133] [134] have been used to increase the collection efficiency several-fold, while preserving the optical and spin properties of color centers in diamond and SiC.
Similar advances have been achieved in hybrid platforms, where the ease of the fabrication of traditional photonic substrates was combined with the harder-to-etch color center hosts.
Thereby, nanodiamonds containing silicon vacancy were placed on top of 3C-and 4H-SiC pillars [134] and gallium nitride metalens were fabricated on top of the NV − center in bulk diamond efficiently coupling its emission into low-NA optics [135] .
Finally, to increase the light coupling in quantum optical circuits, diamond waveguide coupler design has been optimized. The inversely designed free-space grating couplers reached the efficiency of 25% [136] , while the tapered waveguide fiber couplers demonstrated >90% efficiency [137] and was successfully used to demonstrate an integrated color center quantum register [138] .
Active photonic devices
Photonic cavities confine light to the (sub)wavelength volumes, V (λ/n) 3 . The resulting light-matter interaction can be used to modify the density of states in an embedded color center, thus enhancing its emission rate via Purcell effect. This method is often explored to boost emission branching into the ZPL, where indistinguishable photons are created. The enhancement of light-matter interaction is quantified by the Purcell factor F which is directly
proportional to the quality factor of the photonic cavity (Q) and inversely proportional to the mode volume (V ) [146] .
Different geometries of photonic cavities, such as the disk shaped resonators that confine whispering gallery modes and photonic crystal cavities (PCC) that use distributed Bragg reflection to localize light to a small region, have been demonstrated. The resonant frequency is fine tuned via geometric parameters (e.g. disk diameter, lattice constant, sizes of holes) in order to match the color center emission. Single defects were successfully integrated into photonic cavities either through the implantation/irradiation prior to the device realization or through targeted implantation into the fabricated cavity region.
1D nanobeam PCC, 2D PCC and microring resonator fabricated in diamond, coupled to NV − centers [147] [148] [149] [150] [151] and silicon vacancies [152] [153] [154] enhanced emissions up to 70 times.
SiC 1D nanobeam PCC and 2D PCC were coupled to silicon vacancy [132, 142] and Ky5 color centers [155, 156] had up to 120 times enhancement. To improve vertical confinement and collection efficiencies, angled-etching technique was used to fabricate nanobeam cavities with triangular cross-sections having high Q-factors in diamond [157, 158] and 4H-SiC [143] . Other geometries like 2D PCC [159] [160] [161] [162] , microdisk resonators [134, 163, 164] were demonstrated in SiC.
Hybrid devices are made with material of high refractive index on top of the material with color centers and the color center is aligned with the polarization vector of the evanescent Burek et al [137] ), Inverse designed vertical coupler in diamond [136] fields of the photonic cavity [146] . GaP on diamond hybrid nanocavities and microdisk resonators coupled to NV − centers in diamond [145, 146] , nanodiamonds containing silicon vacancy and Cr-centers on top of 3C-SiC microdisks [5] showed enhancement of emission by up to 17 times. Silicon ring resonator on top of 4H-SiC had an estimated F up to 36 for perfect dipole alignment and divacancy emitter located below the surface [144] .
The simulated Q-factors for each of these structures are not realised in the fabricated devices due to various factors like imperfections in the fabricated structures, lack of control over the precise position of the color center, losses in the material, surface roughness effects etc. Surface passivation of 4H-SiC surface using AlN improved the photostability, emission and charge state stability of carbon antisite-vacancy color center [165] . For hybrid devices, the achievable Q/V is limited by radiative losses into the substrate and this could be mitigated by extending the waveguide layer pattering into the substrate [146] .
B. Fundamental experiments
The advances in material processing and device integration are bringing new opportunities for fundamental research in color center platforms. We discuss implications to Bell inequality tests, multipartite entanglement, understanding of matter phase transitions at high pressures, geochemical explorations of deep-Earth conditions, and dark matter detection, as illustrated in Figure 7 .
Further rejections of local-realistic descriptions of nature
While the diamond NV − center played a crucial role in the seminal demonstration of the loophole-free Bell test [2] , the color center systems can be exploited to provide an even stronger inequality violation. The key to this approach is in increasing the number of tested events, and improving on the demonstrated one per hour successful entangling rate.
The first of the major sources of the indistinguishable photon loss between the two NV − centers originates from the low Debye-Waller (DW) factor, which leads to 95% of light in each of the emitters being wasted to phonon interactions. The efficiency of this process can be improved either by integrating the NV − center into a photonic cavity or by using a different color center. Another major source of photon loss is the fiber absorption, which could be overcome by using a color center emitting at NIR wavelengths.
The photonic integration route would provide up to two orders of magnitude more photons in the ZPL, resulting in up to four orders higher frequency of entangling events, bringing them to approximately one per second. In this case, the null-hypothesis test could be reduced from P = 0.039 to P = 0.001 in order of hours, as opposed to months.
The color center change would preferably require a system which exhibits ODMR contrast, has a high DW factor, and operates at fiber-friendly wavelengths. While not exactly at a telecom band, silicon vacancy (V − Si ) and divacancy (VSiV − C ) in 4H-SiC both operate at a more desirable set of wavelengths (∼900 nm and ∼1,100 nm) inducing two to four times higher transmission, and exhibit higher DW factors than the diamond NV − center (10% and 7% vs. 5%). The main research challenge with novel color centers is bringing their spin operation fidelities to levels comparable to the NV − center.
Testing of Bell-type like inequalities is also foreseeable with color centers for potentially stronger violations of hidden variable theory predictions [166] . These include color centers with higher spin serving as qudits, as well as the generation of Greenberger-Horne-Zeilinger (GHZ) states [167] discussed in the next section.
Further explorations into quantum entanglement
Quantum entanglement has been utilized in color centers to entangle electronic spins and photons [2] , as well as electronic and nuclear spins [138] . The next big frontier is the demonstration of photon-photon entanglement to construct cluster entangles states [168] .
As has been proposed [28] , the rich energy scheme of SiC silicon vacancy and nitrogen vacancy centers hosts the so called I-I transitions which contain two optical spin-preserving paths with orthogonal photon polarization that can be brought into a superposition. Subsequent optical pumping of such a system would provide an N-photon GHZ state, while the additional microwave or optical pulse interspersing sequence would create a quantum cluster state with arbitrary phase relations between qubits. Proof of principle experiments have been demonstrated with quantum dot biexcitons [169] entangling five photons, however, the coherence time in these systems is limited to ∼ 100 ns. Coherence time in SiC color centers is up to five orders of magnitude higher, providing opportunity to significantly grow the number of generated cluster entangled photons.
Another route to cluster state entanglement is the application of time-bin entanglement to color centers integrated into a cavity [170] . Here, the ground states of a lambda system are brought into a superposition and optically pumped. The Purcell enhancement biases the optical transitions in the system to one arm of the lambda scheme. A subsequent π-pulse and an optical pumping cycle bring the emitted photon into a superposition of an early and the late time-bin, while the unknown collapsed spin state of the lambda system maintains the phase relation to the photon emitted in the repeated round of this process. This process has been utilized in quantum dots to generate the W-state or three entangled photons [171] .
With the previously discussed advances in photonic device integration, this protocol can be implemented with color centers.
Minimizing decoherence of color centers is vital for the control of complex entangled states. Advanced microwave pulse sequences have been developed using Hamiltonian engineering to cancel the effect of different types of many-body interactions [172] . For higher spin color centers (such as those in Figure 1 ), pulses at multiple frequencies corresponding to higher order coherences may be utilized to further isolate color centers from noisy environments [173] .
Matter at extreme pressures
Both DC and AC field sensing using color centers offer unique opportunities to investigate matter at extreme pressures in diamond anvil cells (DACs). DACs can reach quasihydrostatic pressures in the range of 5 -500 GPa, but the sample space is limited to nL to pL. Conventional SQUID-based magnetometry requires careful background subtraction of the magnetization of the pressure cell, which can be orders of magnitude larger than such small samples, limiting the effectiveness of such a technique [174] . Conventional NMR is also precluded because the number of nuclei in these volumes is insufficient to detect [175] .
Recently, NV − centers in diamond have been utilized to detect DC magnetic fields in DACs [176] . The diamond anvils are transparent to the excitation and fluorescent light, and the NV − centers can be located either on a chip within the sample space or directly on the culet of the anvil [177, 178] . Microwaves can be introduced via antennas directly located within the diamond culet [179] . Because the zero-field splitting of the NV − center is sensitive to strain, it can be used both as a pressure manometer as well as a method to probe strain inhomogeneity within the DAC [180] . This technology offers an important avenue to investigate phase transitions of correlated electron materials and magnetic properties of materials at high pressures, such as room temperature superconductivity in hydrogen-rich materials [181, 182] and metallization of hydrogen above 450 GPa [183] . A challenge for NV − magnetometry is the collection of light through the anvil due to the high index of refraction of diamond. Improved materials processing, such as the use of active photonic devices and microfabrication on the anvil may significantly improve the performance. SiC anvils (Moissanite) are often used instead of diamond due to their lower cost, especially at lower pressures where larger sample volumes are required, and multiple color centers are available in this case (see Table I ).
Future solution chemistry work
The exquisite sensitivity of NV − centers to AC magnetic fields enables the possibility of performing high resolution NMR spectroscopy at high pressures, which has the potential to fundamentally transform Geochemistry. Surprising new reactions are being discovered via geochemical models at the high pressures and temperatures of the entire crust and upper mantle, such as precipitation of diamonds from water [184] , but they extend to conditions beyond where direct experimental verification is possible. For example, the models use a computational estimate of the static permittivity of water as a central variable, because the high temperatures (up to 1200 • C) and pressures (up to 5 GPa) can't be approached experimentally [185] . As discussed above, NV-based NMR spectroscopy can measure vanishingly small numbers of nuclei compared to conventional NMR. Therefore, direct testing of the geochemical predictions would be possible if spectra for solutes could be measured via defect-based optically-detected NMR spectrometer combined with diamond-anvil cells.
Once the volume limitation of standard high-pressure NMR is eliminated, advances cascade rapidly. For example, the phase diagram of water is highly distorted by some electrolytes at deep-Earth conditions [186, 187] , but the extents are virtually unknown -it is clear that some salts can nearly double the freezing pressure of water [188] . The presence of liquid water controls the mineralogy created during plate subduction in the Earth and the generation of melts, which appear at the Earth surface as volcanoes. Knowing the pressure limits of freezing would better constrain the conditions where water-based extraterrestrial life could be expected. Similarly, this technology will invigorate the study of dangerous or precious solutes. Studying the solution chemistry of transuranic elements, for example, requires extraordinary safety precautions if the volumes are milliliters or greater, but the handling becomes simple if the volumes are nanoliters. Sensing, particularly of magnetism, in remote locations becomes feasible if fluorescent nanodiamonds are used as in-line magnetometers in a microfluidics array, or if they are injected into a cell. Magnetic resonance spectroscopy becomes possible in geometries that were previously unimaginable when detection was via induction coils.
Dark matter detection
In the late 1970's several galaxy rotation curves were measured and found to exhibit unusual rotational properties that could not be explained given the observed distribution of matter based on luminosity [189] . These results provided the first evidence for dark matter, which has mass and interacts gravitationally, but only interacts weakly, if at all, with photons. Dark matter is now an integral component of the standard cosmological models, and comprises more than 25% of the known mass in the universe [190] . There have been numerous theories proposed as to the nature of dark matter, over a range of particle masses (rest energies), and searching for direct experimental evidence of dark matter is a major endeavour in high energy physics. One class of theories that has attracted attention posits that dark matter consists of excitations of an axion field in quantum chromodynamics (QCD) [191] . The existence of these particles can potentially resolve certain mysteries, such as the appearance of unexpected symmetries in the QCD Lagrangian (the so-called strong-CP problem). Axions particles are expected to an experience a weak effective magnetic interaction with magnetic dipoles in matter, and several efforts have sought to identify their signature through magnetic resonance techniques. The ADMX experiment utilizes a tuned microwave cavity and looks for excitations of the electromagnetic field due to interaction with axions [192, 193] . The CASPEr experiment aims to detect the precession of a nuclear spin in response to local axion dark matter field using a sensitive quantum interference device (SQUID) magnetometer to detect the time-dependent magnetization of the nuclei [194, 195] . The high magnetic field sensitivity of NV − centers in diamond might also be used to detect such fields [196] . An alternative use of color centers is to detect the strain induced in the crystal in response to the damage created by nuclear recoil due to scattering of a dark matter particle [197] . Importantly, the latter approach would enable directional detection, and is applicable to a broad range of potential dark matter candidates. This approach takes advantage of the coupling between the zero-field splitting parameters of the color center and the local strain in the crystal.
VI. CONCLUSION
Color center platforms have made significant strides in our understanding of fundamental science, from the tests of local realism, to the understanding of phase transitions in solid state systems. While most of these results have been based on diamond NV − centers, a host of emerging color centers and their integration with nanophotonic devices are poised to expand, as well as radically innovate, the toolbox for extreme environment sensing, generation of arbitrarily complex entangled states and dark matter detection. Beyond this, nano-engineering of color center platforms is also a path to the commercialization of these high-performing systems which would provide broad access to the cutting edge science discovery.
